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ABSTRACT

The Multi-WellExperiment (NWX) is a research-
oriented field laboratorywhose objective is
develop the understandingand technologyto allow
economic productionof the several yeare supply of
natural gas estimated to be within the low
permeability,lenticulargas sands of the Western
United States. Features of MWX include: (1)
close-spacedwells (w125 ft,”+38m) for reser-
voir characterization,interferencetesting, well-
to-well geophysicalprofiling, and placement of
diagnostic instrumentationadjacent to the frac-
ture treatment: (z) complete core taken through
the formationsof interest: (3) a comprehensive
core analysis program; (4) an extensive logging
program with conventionaland experimentallogs:
(5) determinationof in situ stresses in sands and
bounding ehales: (6) use of various seismic sur-
veys and sedimentologicalanalyses to determine
lens morphology and extent: (7) use of seismic,
electricalpotential and tilt diagnostictech-
niques for hydrauli.-fracture characterization:
and (8) a series of stimulationexperimentsad-
dressing key questions. This paper presents the
current NWX accomplishmentsin the above areas
since drilling started at the site in September
1981 through December 1982.

INTRODUCTIONAND BACKGROUND—

New and improved technology is required to en-
hance gas production from the low permeability
reservoirsof the United States. These reservoirs
constitute a major target for new and supplemental
supplies of natural gas. The National Petroleum
Council$s recent study estimates a maximum recov-
erable resource of over 600 TCF (17 Tm3).1
This gas is found in two broad categoriesof
formations: continuous,blanket sands and dis-
continuous, lenticularsands. The latter are
reservoirs characterizedby lenses of low per-
meability sand of limited, variable lateral extent
and thicknessenclosed in a matrix of shales, mud-
stones, and siltstones. Most of the gas sands in
four Rocky Mountain basins are lenticular. This

Referencesand Illustrationsat end of paper.

several years supply of natural gas is the target
for the Multi-Well Experiment.

The United States government’sefforts to
stimulate natural gas production from these reser-
voirs began in the mid-1960s. The early work
evaluated the use of nuclear explosivesfor frac-
turing, but this techniquewas abandoned in 1973.
Since that Rime, efforts have focused upon massive
hydraulic fracturing and a total of nine govern-
ment-industry,cost-sharedfield projects have
been conducted. These were generally designed to
be demonstrationsof the then current industry
fracturingtechnology as applied to these lenticu-
lar formations. The results were disappointing
and did not yield either an improved technologyor
commercialproduction of this resource. The basic
problem is that the past field tests provide in-
sufficientdata to define the critical factors
affecting gas production from lenticularsands.

The intent of the Multi-Well Experiment is to
uniquely determine factors affectingproduction
and thereby provide a situationwhere uncertain-
ties surroundingthis resource can be resolved.
This will be accomplishedby a comprehensivegeo-
logic characterizationof these gas sands and the
evaluationof state-of-the-artand developing
technology for their production.

Specific objectives for the Multi-Well Experi-
ment are:

1)

2)

3)

4)

5)

6)

to determine the size, shape, orientation,and
distributionof lenticularsands;
to determine in eitu reservoirproperties and
quantify their variationswithin a lens and
between lenses:
to improve reliabilityand accuracy of log
interpretationin tight gas sands:
to determine the effects of earth stresses
upon stimulationand gas production:
to conduct stimulationexperimentsto evaluate
technologyand answer key questions concerning
production: and
to perform analyses and evaluationsto assess
the viability of gas production from lenti-
cular tight gas reservoirs.
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The key feature of the Multi-Well Experiment
is two close-spacedwells. (A third well is
planned in 1983.) Their 11O-145 ft (33-44 m)
separationis less than the nominal dimensions of
the lenses in the area. Coret log, well-testing,
and well-to-wellseismic data will allow a far
better definitionof the geologicalsetting than
has been availablepreviously. Extensive core was
taken from each well through the 4000 ft (1200 m)
thick Mesaverde formation. Comprehensivelogging
and core analysis programs were conducted. The
close-spacedwell= also allow well-to-well inter-
ference testing to obtain an accurate value of the
in situ permeability,porosity, and anisotropy.
One well is designated as the stress well and is
being used to determine the vertical variation of
in situ stress throughout the interval of
interest. A series of stimulationexperiments
will be conducted and one well will be used as an
observationwell for improved fracture diagnostics
and well testing.

The key to achieving the various Multi-Well
Experimentgoals is the synergismresulting from a
broad spectrum of activities: geophysicalsur-
veys, sedimentologicalstudies, core and log
analyses,well te~ting, in situ stress determina-
tion, stimulation,fracture diagnostics,and
reservoiranalyses. The results from the various
activitieswill define the reservoirand the
hydraulic fracture. These, in turn, define the
net pay stimulated: the intersectionof a
hydraulic fracture of known geometrywith a reser-
voir of known morphology and properties. These
definitionsare further enhanced by the fact that
most data will come from close-spacedwells.
Thus, spatial variations in reservoirproperties
can be quantified.

The Multi-Well Experimentactivitieswill pro-
vide many more pieces of the tight gas sands
puzzle than previously available. Hopefully,
enough pieces will be fitted together so that an
overall solution,production from this unconven-
tional gas resource, is possible on a reproducible
and viable basis.

Further discussion of the rationale,plans,
objectivesand activities can be found in previous
references.2-4 The intent of this paper is to
present an overview of accomplishmentsof the
Multi-Well Experiment through December 1982.
Coverage of each topic will be necessarilybrief.
Further informationwill be found in other NWX-
related papers presented at this Symposium and at
the special MWX poster session.

CURRENT ACCOMPLISHMENTS

(1) Two wells, 8350 ft (2545m) deep and 135 ft
(41 m) apart at the surface, have been drilled to
establish a unique field laboratoryfor tight gas
sands research. The two wells, NWX-l and MWK-2,
were completed 5etween September 1981 and March
1982. In both wells, a 13-3/4 in. (0.35 m) sur-
face hole was drilled with a low-solids,non-
dispersedwater-basedmud system to approximately
4100 ft (1250m), and 10-3/4 in (0.27m) casing
was set and cemented. The mud was then converted
to a 90:10 oil-based emulsionmud system which was
selected to improve hole stabilityand core re-
covery and quality. The wells were then drilled

and selected intervalacored with 8-3/4 in
(0.22m) bits. Stratapax coring bits were used
successfullyfor some intervalsand rates of more
than 6-10 ft/hr were obtained. Three pressure
cores were also taken in MWX-2, the first time
that the operation had been used in tight
sandstones.

Significantgas shows were encountered
throughoutthe section and mud weights from 10 to
nearly 15 lbs/gal (1.2-1.8x103kg/m3) were re-
quired from 5000-8000 ft (1525-2450m). Both
wells were completed with the setting and cement-
ing of 7 in. (0.18m) casing. An overview of cor-
ing and logging activities in the two wells in
relation to the Mesaverde geologic section at the
site is given in Figure 1.

(2) An unprecedentedcore analysis program is
under way. Over 3700 ft (1100 m) of 4 in (0.10m)
diameter core, approximately700 ft (210 m) of it
oriented, was cut with a recovery of better than
99%: 2744 and 930 ft (836 and 283 m) in MWX-1 and
MWX-2, respectively. This core was processed at a
special field facility which included a core gamma
aesembly, newly developed tools for fracture
orientation,special core measurementssuch as
strain relaxationand collection of gas samples,
photography, lithologicdescriptions,core plug-
ging and sampling,and handling and shipping. The
core was then shipped to a core library at DOEts
Grand Junction facilitywhere it is controlled
through a computerizedinventory system.

Routine core analyses were performed on plugs
taken at one foot intervalsover all the sands
encounteredand into the rock abutting each sand,
over 1400 plugs in all. Meaningful water satura-
tion data were obtained from these plugs due to
the oil-based mud: 70% at the top sands in the
Meeaverde to 30%-35% at the bottom of the fluvial
section and in the Cozzette.

Extensive special core analyses were aleo per-
formed every 1-3 ft (0.3-1.0m) across major sands
and into the abutting caprock. These analyses
incluc?eddry Klinkenbergand relative permeabili-
ties under restored reservoir conditions,CEC
measurements,capillarypressure, electricalmea-
surements,mineralogy (includingSEM and x-ray
analysis),and rock mechanicalproperty determi-
nations. The initial results from these special
analyses include the observationsthat:

(a) perme~bilitiesat confining pressure of the
coastal zone and Cozzette peak at
5-7 m.icrodarcies,values which appear much
less than the effectivepermeabilitiessug-
gested by gas shows and the first well teats;

(b) properties are more constant through, and from
well to well in, the blanket sands than the
lenticularsands:

(c) permeabilityvariationsacross a lens corre-
spond to the number of open pores seen in thin
section; and

(d) the mudstones and siltstonesabutting the
fluvial sands have similar mechanicalproper-
ties to the sands themselves,but that the
expected property differencesare found
between the blanket formation and their
bounding shales.
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Over 1300 natural fractureshave been found in core-gamma log recorded in the field. This makes
the core. Those in sandstonesare essentially depth shifting a highly reliable procedure.
vertical,contain calcite filling which may only Routine correlationswith depth and porosities
partially fill the fracture,have widths of have been performed. More specializedcorrela-
1/32 in to 3/4 in (0.8-20mm), and do not extend tions are under way~ such as neutron cross section
into the surroundingshales. Xn contrast, those measurementson core to check neutron tool re-
in the confiningmudstones or shales are charac- sponse in the formation. Zn addition, logging
terized by low an@e dips, slickensidesindicating measurementsand interpretationmodels are being
dip=ulip motion, and absence of mineralization. compared to core data to solve specificproblems~
The matrix permeabilitiesmeasured in core will for example, variable matrix density.8
not account for the observed gas production data
to date. Therefore, other productionmechanisms, [41 Core and lo9 data are providing a first look
such as fractures,are being studied. at sand continuityat close spacings (125 fto

40 m) in a lenticularreservoir. A comparisonof
Over 20 contractorsand other interested two gamma ray logs is shown in Figure 2. This

organizationsare involved in the core program. short interval shows examples of continuity
Other studies done or under way include strain (5000-5050and 5250-5300),thinning (511O-516O),
relaxation,fracture characterizations,organic discontinuity(5070-5080and 5240) and variable
maturation,age dating of fracture filling, properties (.5000-5050).The sand percentage over
paleomagnatismorientation,natural gamma spectra the Mesaverde is between 40% and 45% except in the
and CEC measurements,and neutron capture paludal region where it is 25%. The percentage of
measurementson plugs. This comprehensiveprogram sands which are continuousbetween the two wells
is yielding valuable informationon the production ranges between 100% for the blanket sands and 500
from these tight formations. in the coastal interval. Statistically,these

continuitiesover the well spacing provide a
(3) A comprehensiveloggingprogram was completed t;easureof sandstonebody dimensions: 120-li’5ft
and improved interpretationtechniques have been (s5-55m) and 1300-1700 ft (400-500m) in the
developed. Three different loggingprograms were coa~tal and fluvial regionsfirespectively.
run in MWX-1 and four differentprograms in MWX-2
as seen in Figure 1; these are listed in Appendix 1 Additional inqight into sand body morphology
of Reference 4. The high mud weight created prob- and sedimentologyof the Mesaverde is that the
lems with several of the logs and the limitation formationoutcrcps along the Grand Hogback,
of the nonconductiveoil mud precluded some desir- approximately11 miles (18 km) northeastof the
able measurementsand rendered others unusable. M!VXsite.g The entire section is exposed at
Operationalproblems inherent in a logging program Rifle Gap, and studies there, in conjunctionwith
of this magnitude came in the form of tool failure MNX core and log data, have allowed subdivisionof
and tool unavailability. the Mesaverde into the different intervalsshown

in Figure 1 and described in Table I.
Notwithstandingthe above stated limitations,

the W log data base is the best data presently (5) A hydraulic fracture azimuth of 280260 is
available for researchingtight gae sand logging

——
predicted based on the results of several pre-frac

problems and associated log interpretationsolu- studies. These studies were of three different
tions. Exceptional log quality resulted from a types:
combinationof outstandinghole stability,a
conscientiouseffort on the part of the service (a) Geologicalobservationsat the earth’s
companiesand major oil companiesthat partici- surface. Some 1630 surface fractureswere
pated in logging, and rigorous log quality control mapped in the immediate vicinity of the MWX
field standards. Log quality is verified by ex- site and a fracture set characterizedby
tensive repeat logging and by overlap intervale conjugate shear was found. The bisector to
for logging runs at differentpoints in time. this conjugate eet is believed to be the

maximum stress orientation and is 281k7°.
Merged trace plots of multiple log runs are ‘I’hisazimuth compares favorablywith data

providing critical evidence of the role of per- obtained by the USGS in the northern Piceance
meability in controllingtight gas sand invasion SasinlO: 280°-2950for lineamentsand
profiles.5 Invasion has much impact upon normal faults, 290° from minifracs to 2000
porosity and saturationinterpretation.6 The ft (600 m), and 280°-2900 for surface
recognitionof the degree of invasion shows fracturemapping.
promise ae a quantitativepermeabilityinter-
pretation technique in tight gas sands.’ (b) Analysis of geologicaland physical properties

of oriented core. Twenty-sevenvertical,
Raw log data are being utilized to understand filled fr.ztureswere found in oriented MWX

the role of mud weight in affecting such basic core. As theee showed no shear evidence, th@Y
measurementsas photoelectriceffect gamma and may be analogous to induced hydraulic
natural gamma spectral absorption. Response fractures and have strikes parallel to the
comparisonsof thermal versus epithermaltyp~ maximum principal stress and show an average
neutron tools are possible as well as the poten- orientationof 2790t80. Measurementsof
tial for verifying and comparingthe algorithms the anelastic strain relaxation indicated a
used for formation density versus lithodensity maximum strain orientationof 285°k150.
tools. Acoustic velocity anisotropiesand differen-

tial strain analyses yield orientationsof
Log-core correlationsof MWX data are facili- 270°-3000and 278°k120,respectively.

tated by the superior quality multi-detector

onc
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(c) Computer modeling of expected stresses. A
theoreticalpredictionof stress orientation
resulting from variable topographic loads
which dominate the ~ site indicatesthat the
stress orientationcould rotate northward from
273° at 4000 ft (1220m) to 291° at
8000 ft (2440 m).

(6) ‘2hreeseismic surveys (3-D surface, vertical
profile, and well-to-well)have been conducted in
an attempt to determine extent, trend and
character of the sand bodies. The 3D surface
survev was conducted to see if lenticularsand
bodie; could be resolved at this site and depths
as they had been at a shallower site.11 Analys-
is of data from the MWx site was complicatedby
terrain, electrical and seismic noise, and large
irregularvariations in fold density. The pro-
cessing to date indicatesthat the maximum
frequencyavailable at the depths of interest is
40 Hz yielding a wavelength of 300 ft (100 m).
This implies an availableresolutionof 150 ft
(50 m) and about 413ft (12 m! as a maximum’ This
should allow resolutionof the blanket sands and
other bodies with large lateral extent, but
unlikely resolutionof individualsand lenses.

Vertical seismic profiles were run in both
wells for two shot locations (200 and 1900 ft (60
and 600 m) utilizing a triaxial locking geophone
package. The near offset VSP resulted in good
definitionof reflectors in the paludal and
blanket sands; there were differencesin reflec-
tors in the fluvial zone as seen in the VSPS from
the two wells. The far offset VSP contained a
larger shear wave signal than was expected, and
more structurewas observed in the shear wave
records compared with the P wave zecords. The VSP
data also yielded seismic paramete~s of the forma-
tion of importantuse to the other seismic surveys.

Well-to-wellsurveys were conducted in five
zones (blanket,paludal, coastalj and two fluvial)
by propagatingbroad-band,high-frequencyseismic
signals to receivers located at various positions
in the receivingwell. Velocity and attenuation
data have been obtained and one- and two- dimen-
sional analysis should be possible based on the
high quality of the data.

(7) High resolution,accurate, minimum in situ
stress measurementshave been made. Five
locations (to date) in and below the Cozzette
formation have been tested by conductingsmall
volume (<100 gal, 0.4 m3) hydraulic fracture
stress tests through perforations. For these
small volumes, the instantaneousshut-inpressure
is a good approximationof the minimum principal
stress. Accurate, reproducibleresults were
obtained by conductinga number of repeat
injectionsin each zone of interest using a
speciallydesigned pump system, modified
high-resolutionelectronicequipment,and a
downhole shut-off tool.

The stress magnitudeswere found to be de-
pendent upon lithology. Marine shales below the
Cozzette sands have large horizontal stresses
which are essentially lithostaticwith a frac
gradient of 1.02 psi/ft (23.1 kPa/m). This
indicatesthat these rocks do not behave elasti-
cally and processes such as creep an? fracturing

are the dominant mechanisms controllingthe stress
state. The sandstones and siltstoneshave much
lower stresses with a frac gradient of 0.86 psi/ft
(19.5 kPa/m). i’hisis approximatelythe stress
level e%pected from elastic considerationssince
the reservoir is overpressuredat this depth.
Distinct dual closures were observed in one test;
such a response is consistentwith the frac
penetratinga thin sand surroundedby shales.

Additional stress measurementsabove the
Cozzette and throughout the intervalsof interest
are a key feature of MWX.

(S) Well tests, including an interferencetest,
have been conducted in the Cozzette formation.
‘rwowell tests were performed in the lower
Cozzette sand. The initial test was a nine day
drawdown fo:lowed by a two day buildup and re-
vealed that the test was too short to adequately
define the original reservoir gas permeability,
although the data indicated a permeability in the
range of 5-10 pd. Subsequently,an additional
test was conducted that included a multi-rate nine
day drawdown followed by a five day buildup. The
flow rates obtained were significantlyhigher than
in the first test, which indicatedthat the well
was in the process of cleaning up. Standard
Horner techniques,type-curvematching, and use of
an advanced gas reservoir stimulatorprovided good
history matching of the field data for this test.
The derived reservoir gas permeabilitywas found
to be 400 M. Thus, care is needed to insure
accurate test interpretation.

An interferenceand pulse test was performed
in the upper Cozzette sand using NWX-1 as the pro-
duction well and NWX-2 (120 ft (36m) away at this
depth) as the observationwell. The test period
was 15 days and very small pressure changes
(-1 psi (7 kPa)) were observed in MWX-2. Flow
rates in excess of 1 MMCFD (28 km3/day) were
achieved and indicated a substantialpermea-
bility. The time response of a few hours in MWX-2
followingchanges in MWX-1 substantiatesthat the
relative gas permeability is high.

(9) A preliminary definitionhas been made for a
series of stimulationexperimentsand the
hydraulic fracture diagnostictechniquesto be
conducted at this field laboratory. The initial
emphasis has been placed upon uossible stimulation
in the Cozzette and the coastal interval as prime
examples of the contrastingblanket and lenticular
morphologies. The paludal, a fluvial zone con-
taining notable natural fractures,and other
fluvial intervals,are also of ultimate intereet.
Specific objectiveswhich the stimulation
experimentscan address include:

1) determininghydraulic fracture geometry in
relation to lens morphology and properties in
order to separate factors affecting gas
production:

2) determiningif lenses not in contact with the
wellbore can be intersectedand produced:

3) determiningif a series of lenses in contact
with the wellbore can be efficientlyproduced:

4) evaluatinggeologic/reservoirfactors (e.g.,
water saturation,earth stress, rock type,
etc.)

.-k,-..
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niques include borehole seismic,pressure, and the R.: “The Departmentof Energy’sWestern Gas
usual temperatureand gamma ray surveys. The MWX Sands Project Multi-Well ExperimentUpdate,” SPE
site and depths provide a challengingenvironment. 11183, 57th Annual Fall Conferenceand Exhibition

CONCI,USION
of the Society of PetroleumEngineersof AXME,
New Orleans, LA, September 26-29, 1982.

5 Kukal, G. C.: “PorosityAnaLyrt? in Low-
The Multi-Well Experiment is a unique research- PermeabilityGas Sand Sequences II - Correcting

or’ientedfield laboratorywhose range of activities for Variable Unflushed Gas Saturation,”
will answer key questions about the viability of, Transactionsof the SPWLA lRienty-FourthAnnual
and production from, the lenticular,tight gas sand Logging Symposium,June 1983.
unconventionalgas resource. This program is well 6 Kukal, G. C.: *tDeterminationof Fluid corrected
under way and significantaccomplishmentshave been
made. An additional three years of stimulationand

Poroeity in Tight Gas Sands and in Formations
ExhibitingShallow Invasion Profiles,”SPE 9856,

testing over the Mesaverde is planned at levels
dictated by future funding decision?.

Proceedingsof the 1981 SPE/DOE Symposiumon Low
PermeabilityGas Reservoirs,May 1981.

7 Kukal, G. C., Simons, K. E.: “Well Log Analysis
ACKNOWLEDGMENTS of Cozzette and Corcoran Sandstones,MWX-1,”

NWX is the major field project in the United
report available through CER Corporation,
September 1982, p. 28.

States Departmentof Energy’s Western Gas Sands 8 Kukal, G. c., Hill, R. E.: “PorosityAnalysis in
Project which is administeredby the Morgantown and
BartlesvilleEnergy TechnologyCenters.

Low-PermeabilityGas Sand Sequences--PartI,
Obviously,

a significantnumber of people and organizations
Matrix Parameter Refinement,”Transactionsof the

have contributedto the work reported here. Special
SPWLA Twenty-FourthAnnual Logging Symposium~
June 1983.

thanks are extended to MWX project personnel at
9 Lorenz, J. C.:

Sandia National Laboratories,Albuquerque,and to R.
“Sedimentologyof the Mesaverde

L. Mann and other personnel at CER Inc, Las Vegas.
Formationat Rifle Gap Colorado and Its Impli-
cations for Gas-Bearing Intervals in the

REFERENCES
Subsurface,”Sandia National LaboratoriesReport,
SAND82-0249,March 1982.

1 National PetroleumCouncil: “UnconventionalGas
10 Smith, R. S., and Whitney, J. W.: “Map of Joint

Sources--Volume V: Tight Gas Reservoirs,Part I,”
Sets and Airphoto Lineamentsof the Piceance

Library of Congress Card Number 80-82488,
Creek Basin, NorthwesternColorado,” USGS Nap

December 1980.
MF-1128, 1979.

11. Dobecki, T. L., ‘iSeismicReflectionMaiwin9 of

DiscontinuousSandstone Bodies, Part II--Field
Experiment,”Sandia National LaboratoriesReport,
SAND80-1455-11,June 1980.

---



HASATCH

MARINE

FLUVIAL

COASTAL

PALUDAL

-——.

$14NCOS

COZZETTE

MANCOS

CORCORAN

flANCOSSHALE

Zone

Paralic

Fluvi.el

coastal

Pa Iudal

Marine

5000

6000

7000

8000

18350

Table 1.
Deposit ional Envi rnnments and Sandstone Morphologiee

12epth LWecrlpt ion—.

4000-4370 et
(1220-1330 m)

4370-6020 ft
(1330 -1S35 m)

6020-6590 ft
(1835 -201O m)

6S90-7450 ft
(2010-2270 m)

7450 -s350 ft
(2270-2545 m)

MIX-I

r

i

WPeafs tO be a Zen@ of returned marine influence with
~idespread, homogeneous eandstonee and appears to be
inter riaturated.
rhls major intervel coneiete of irregularly-shaped,
multi-story, composite sand bodies which were deposited
>y meandering stream systems. These sand bodies are
?xpected to be on the order of 1000-2500 ft (300-750 m)
[n width anrl to contain abundant interval discont im,i~ ies.
characterized by deltaic distributary channel eand
lenses. Nest of the lenses are probably less than 200 ft
160 m) in width, average 23 ft (7 m) thick, ana are
Interbedded with cartonaceoue mudetonee and 8iltatones.
>ontains thick, abundant coal deposits and several blanket
lands aimi lax’ to, but of more Iimitwf extent than, those
In the lower Zona. These are interspersed with lenti -
:ular, distributary channel sandstones formed in a lower
?elta plain environment. The sand percentage (260) 18
narkedly lower than Jn other zones.
Wrtoine the Corcoran, Cozzette and Rfrll Ins sandstones
>nd was formed on either eide of an oeeillating coastlinp
~nd is composed of widespread ( -- 50 mi, ~ 80 km)
]horeline-to-marine blanket sanda, marine shales, and
mralic coals.

MWX-2

I

Fig. l-Geology of the Msaavsrdsand summaryof MWX.1and MWX.2activities,

Sooo
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Fig. 2-Comparison of sanda in MWX.1 (left) and
MWX.2 (right). (Gamma ray 10% dfferenl
aaiitxations.)

SQF )/b ~b


